Purpose: Electrocardiogram (ECG) abnormalities are universal in infantile Pompe disease or glycogen storage disease type II, a fatal genetic muscle disorder caused by deficiency of acid ␣-glucosidase (GAA). Hallmarks of this disease include a shortened PR interval, an increased QT dispersion (QTd), and large left ventricular (LV) voltages.
Pompe disease or glycogen storage disease type II is an autosomal recessive disorder caused by a deficiency of acid ␣-glucosidase (GAA) (acid maltase), a glycolytic lysosomal enzyme. This enzyme defect results in lysosomal glycogen accumulation in multiple tissues and cell types, with cardiac, skeletal, and smooth muscle cells being the most seriously affected. 1 Complete deficiency results in infantile Pompe disease, which is uniformly fatal, with death usually by 1 year of age. In its most severe form, the infantile form of the disease is characterized by massive cardiomegaly, macroglossia, progressive skeletal muscle weakness, and resultant marked hypotonia. Glycogen accumulation in cardiac muscle causes a hypertrophic cardiomyopathy, which progresses to a dilated cardiomyopathy. Increasing left ventricular (LV) thickness can also lead to obstruction of the LV outflow tract. At autopsy, the heart can be up to three times its normal size. 1 Partial enzyme deficiency results in a late-onset phenotype. 2 Pompe disease has an overall incidence of 1 in 40,000 live births. 1, 3 Electrocardiogram (ECG) abnormalities are universal in Pompe disease because of conduction system abnormalities related to the enlargement of specialized conducting tissue cells with glycogen. 4 In addition, the topography of the atrioventricular conducting system in Pompe disease is abnormal because of deforming effects of the hypertrophied summit of the ventricular septum. 4 A shortened PR interval, an increased QT dispersion (QTd), and large LV voltages are hallmarks of this disease. These conduction abnormalities, in conjunction with the hypertrophic cardiomyopathy characteristic of Pompe disease, place these patients at high risk of tachyarrhythmia and sudden death. [5] [6] [7] Although no cure or specific treatment exists for Pompe disease, clinical trials are being performed to evaluate the safety and efficacy of enzyme replacement therapy (ERT). Clinical trials using Chinese hamster ovary (CHO) cell-derived recombinant human GAA (rhGAA) and rhGAA derived from the milk of transgenic rabbits have been studied in the infantile form of Pompe disease. Cardiac response has been dramatic with a marked reduction in LV mass index and improved cardiac function. 8 -11 We hypothesized that the conduction abnormalities in infants with Pompe disease would also improve with rhGAA ERT. In this study, we investigated the effect of rhGAA ERT on PR interval, QTc interval, QTd, and LV voltage in infants with Pompe disease.
MATERIALS AND METHODS
Nineteen (4 females/15 males) patients with a median age of 5.5 months (range 2-12 months) were enrolled in open-label clinical trials exploring the safety and efficacy of CHO cellderived rhGAA ERT at Duke University Medical Center from 1999 to 2004. All patients had a confirmed diagnosis of Pompe disease with an endogenous GAA activity of less than 1% of the normal mean in skin fibroblasts. GAA activity was assessed by measurement of 4-methyl-umbelliferyl-␣-D-glucoside cleavage at pH 4.3. 12 During this time period, 18 patients received intravenous infusions of CHO cell-derived rhGAA as part of open-label clinical trials exploring the safety and efficacy of ERT as previously described. 8, 9 One patient died before the start of ERT. The doses ranged from 10 mg/kg per week to 20 to 40 mg/kg every 2 weeks. As part of the clinical evaluation, all patients received standard 12-lead ECGs at baseline and repeat ECGs at 4-to 6-week intervals. The studies were approved by the Duke Institutional Review Board, and written informed consent was obtained from each patient's parent/guardian.
Electrocardiograms
Standard 12-lead ECGs (10 mm/mV and 25 mm/sec) were obtained using Hewlett-Packard Page Writer Xli recorders (Hewlett-Packard, Palo Alto, CA). ECGs were evaluated manually with calipers by two independent observers who were blinded to the identity of the patient and the treatment status when the ECGs were performed. QT interval and RR intervals were obtained from three consecutive heartbeats. The PR interval was the longest obtainable from any lead. Measurement of the QT was obtained in lead II or lead V5 because these leads are unlikely to have a U wave, which can obscure the downslope of the T wave. The end of the T wave corresponds to restitution of the downslope as it intersects the baseline. In the presence of a U wave, the downslope was extrapolated to the baseline. The QTc interval was obtained using Bazett's formula (QT interval divided by the square root of the preceding R-R interval). QTd was calculated as the difference between the longest and the shortest QT interval. The LV voltage, expressed in millivolts, was determined by the sum of the S wave in V1 and the R wave in V6.
Echocardiograms
Echocardiographic evaluation consisting of a complete twodimensional cross sectional, M-mode, and Doppler examination was performed using a Siemens Sequoia system (Mountain View, CA) or a Philips 5500 or 7500 system (Bothell, WA) at baseline and at 4, 8, 12, 24, 36, and 52 weeks of rhGAA therapy. LV mass was measured by the area-length method using an average of three to five independent measurements from the same study. 13 
Statistical analysis
The results from the two independent observers were averaged, and interobserver variability was assessed by regression analysis. Data are expressed as median (range) unless otherwise noted. Group medians using pre-rhGAA ERT ECG and last post-ERT ECG parameters were compared by the Wilcoxon nonparametric rank-sum test. P values of .05 or less were considered statistically significant.
RESULTS
A total of 134 ECGs from 19 patients were evaluated in this study. All patients had one ECG performed before rhGAA ERT and between 1 and 18 ECGs after the initiation of rhGAA ERT. The interobserver variability correlation coefficients for the various measured parameters were between 0.82 and 0.89.
The PR and QTc intervals, QTd, and SV1 ϩ RV6 amplitude were plotted over time on therapy and are shown in Figures 1  to 4 . By using the pre-rhGAA ERT ECG versus last post-rhGAA ERT ECG, the various parameters were compared and are demonstrated in Table 1 .
The median follow-up period was 6 months (range 2-30 months). The PR interval lengthened from 83 (42-110) ms to 107 (95-130) ms (P Ͻ .001), and the QTd decreased from 83 (40 -125) ms to 53 (20 -80) ms (P ϭ .003). There were significant decreases in LV voltage (67 (Fig. 5) . A prolonged survival was noted in our patients treated with ERT. Twelve of the patients are currently alive with a mean age of 34.9 months (8.1-69.7 months) and continue to receive ERT. Six patients died at a mean age of 30.6 months (11.8 -51.8 months). Thus, the cohort of patients on ERT demonstrated markedly extended survival when compared with untreated historical controls. 2,14
DISCUSSION
Pompe disease is characterized by a progressive cardiomyopathy and significant conduction abnormalities on ECG. A short PR interval and tall and broad QRS complexes are seen on ECG and often considered diagnostic for Pompe disease. Other storage diseases causing similar pathophysiology include Danon disease caused by mutations of the lysosomeassociated membrane protein 2 gene, resulting in lysosomal glycogen accumulation, and disease caused by mutations in the gene for AMP-activated protein kinase ␥ 2 , both of which result in accumulation of cardiac glycogen leading to left ventricular hypertrophy (LVH). [15] [16] [17] In addition to LVH, both disorders also have associated electrophysiologic abnormalities including a short PR interval. 15 Prior studies of Pompe disease in mouse models have not dealt extensively with electrophysiologic cardiac abnormalities. These studies in Pompe mice are warranted; experience from the mouse models for lysosomeassociated membrane protein 2 and AMP-activated protein kinase ␥ 2 mutations can help us to better understand cardiac arrhythmias in lysosomal storage diseases like Pompe. 15, 16, 18, 19 With ERT, we and others have demonstrated an improvement in the hypertrophic cardiomyopathy in Pompe disease by two-dimensional echocardiography. 8 -11 This study is the first to systematically examine the ECG changes in a cohort of patients with Pompe disease in response to ERT with rhGAA. We report changes in ECG findings including an increase in the PR interval, decrease in LV voltage, and shortening of QTd after initiation of ERT.
Baseline characteristic ECG findings in this study showed a shortened PR interval, LVH, and increased QTd. Similar baseline ECG findings in patients with infantile-onset Pompe disease were reported in a large retrospective chart review of 150 patients. In this review, ECG data were available from 137 patients (81.5%). Evidence of LVH was present in all but two patients. Short PR intervals were reported in up to 56.3% of the patients. 14 The normal PR interval is 110 ms (80 -130 ms [5th-95th percentiles]) for infants aged 1 to 6 months and 120 ms (100 -140 ms [5th-95th percentiles]) for children aged 6 months to 3 years. 20 When we applied these norms in our population and adjusted for gestational age, approximately 75% (14/19) of cases had PR intervals at the fifth percentile or less at baseline. Of the five remaining patients, two had PR intervals that were between the 10th and 25th percentiles, and the remaining three patients had PR intervals between the 25th and 50th percentiles.
All patients in our study had a progressive increase in the PR interval with rhGAA therapy. Similarly, in Fabry disease, which is associated with cardiac involvement including a short PR interval, ERT resulted in an increase in PR interval to normal after 6 months of ERT. 21, 22 In 1982, Bharati et al. studied the conduction system in patients with Pompe disease correlating pathologic and electrophysiologic findings. 4 They concluded that the short PR interval on the ECG may be related to the enlargement of cells, which may in turn be related to increased glycogen content because the rapid conduction was not localized in the anatomic counterpart of the HV interval. The relationship of glycogen per se to the speed of conduction is unknown. 4 Functional changes in cell-to-cell connections, depolarizing channel density, channel functionality, and local autonomic innervation will also alter net tissue conduction velocity and are unexplored in this disease.
LVH causes the characteristic high-voltage QRS complexes seen on ECG. 23 We observed that LVH, based on voltages in V1 and V6, decreases with ERT. LVH is caused by the glycogen accumulation in the cardiac muscle, which leads to thickening of the walls of both ventricles and interventricular-septum, resulting in a hypertrophic cardiomyopathy. 1 In particular, the thickness of the LV posterior wall increases significantly over time. 2 Histologic studies performed on patients with Pompe disease and knockout mice models of Pompe disease have demonstrated characteristic periodic acid-Schiff positive and acid phosphatase positive stained vacuoles, identified as lysosomes filled with glycogen. 18 The decrease in LVH that we observed on ECG correlates with two-dimensional ECG findings (Table 2 ) and previously reported improvement in the hypertrophic cardiomyopathy by two-dimensional echocardiography with ERT. 8 -11 We also demonstrated significant changes in QTd, which is an indirect measure of the heterogeneity of ventricular repolarization after ERT. Normal values of QTd are reported to be 36 Ϯ 13.7 ms in 111 healthy children 5 days to 16 years old. 24 There is increased QTd in various cardiac diseases including patients with LVH and hypertrophic cardiomyopathy. 25, 26 Although the mechanism by which QTd is increased in hypertrophic cardiomyopathy remains unclear, increased QTd has been shown to be a marker of increased risk for sudden cardiac death. 27 The myocardial disarray and fibrosis characteristic of hypertrophic cardiomyopathy have been implicated in causing the spatial dispersion of the cardiac impulse supporting reentrant arrhythmias, although the exact mechanisms are unknown. 25, 27 Electrophysiologic studies demonstrate that the inducibility of ventricular tachycardia in patients with hypertrophic cardiomyopathy correlates with increased differences in refractoriness between the right ventricular outflow tract and the right ventricular apex. 25, 28 Because progressive accumulation of glycogen in cardiac tissue is the most probable cause of the conduction abnormalities seen in Pompe disease, we postulate that ERT reduces glycogen deposition in the myocardium and conduction system, thereby increasing the PR interval and decreasing the LV voltage. How reduction of the glycogen in the heart decreases QTd is uncertain. The effects of cell size, cell-to-cell coupling, interstitial fibrosis, intramyocyte conductivity, and the autonomic nervous system may all influence repolarizing currents.
Our study is limited by our results reflecting pooled data over different periods using varying doses of ERT. Pooling potentially heterogeneous data to provide a uniform estimate of effect may not be appropriate; however, we did not attempt to provide a uniform estimation of dose effect. For this reason, we have depicted the raw data in the figures. Nevertheless, all patients followed for more than 2 months seem to respond dramatically with progressive changes in the PR interval, QTd, and LV voltage. Furthermore, a universal cardiac response was noted in all 18 of the patients treated with rhGAA ERT, irrespective of disease severity at treatment outset. All patients had a decrease in LV mass and an improvement in cardiac function on two-dimensional echo. The improvement in LVH correlated with improvements on ECG, particularly LVH (Table 2 ).
In conclusion, serial ECGs can serve as a useful adjunct to two-dimensional echocardiography in following the cardiac response of patients with infantile Pompe disease receiving ERT.
Our results are promising and continue to add to the growing evidence of beneficial effects of ERT in treating Pompe disease. 29 Future efforts should evaluate the effect of long-term use of ERT in cardiac remodeling in patients with Pompe disease in multicenter clinical trials to determine whether the long-term risk of tachyarrhythmia and sudden death changes with this novel therapy.
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